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OBJECTIVE — Roux-en-Y gastric bypass (RYGB) in humans can remit type 2 diabetes, but the 
operative mechanism is not completely understood. In mice, fibroblast growth factor (FGF) 15 
(FGF19 in humans) regulates hepatic bile acid (BA) production and can also resolve diabetes. In 
this study, we tested the hypothesis that the FGF19-BA pathway plays a role in the remission of 
human diabetes after RYGB surgery. 

RESEARCH DESIGN AND METHODS— Cohorts of diabetic and nondiabetic individ- 
uals of various body weights were used. In addition, RYGB patients without diabetes (No- 
Diabetes), RYGB patients with diabetes who experienced remission for at least 12 months after 
surgery (Diabetes-R), and RYGB patients with diabetes who did not go into remission after 
surgery (Diabetes-NoR) were studied. Circulating FGF19 and BA levels, hepatic glycogen con- 
tent, and expression levels of genes regulating the FGF19-BA pathway were compared among 
these groups of patients using pre- and postoperative serum samples and intraoperative liver 
biopsies. 

RESULTS — Preoperatively, patients with diabetes had lower FGF19 and higher BA levels than 
nondiabetic patients, irrespective of body weight. In diabetic patients undergoing RYGB, lower 
FGF 19 levels were significantly correlated with increased hepatic expression of the cholesterol 
7alpha-hydroxylase 1 (CYP7A1) gene, which modulates BA production. Following RYGB sur- 
gery, however, FGF 19 and BA levels (particularly cholic and deoxycholic acids) exhibited larger 
increases in Diabetic-R patients compared with nondiabetic and Diabetic-NoR patients. 

CONCLUSIONS — Taken together, the baseline and postoperative data implicate the FGF19- 
CYT7A1-BA pathway in the etiology and remission of type 2 diabetes following RYGB surgery. 



Type 2 diabetes is a metabolic disease 
with significant health implications 
for which current therapies do not 
result in long-term resolution. Roux-en-Y 
gastric bypass (RYGB) surgery is a com- 
plex, anatomically disruptive procedure 
(1) that leads to remission of diabetes for 
most, but not all, patients (2,3). The 
mechanism for the reversal of diabetes 
by RYGB surgery, however, is not well- 
understood. 



Diabetes Care 36:1859-1864, 2013 

Work in mice has identified an enter- 
ohepatic pathway involving the fibroblast 
growth factor (FGF) 15 (FGF 19 in hu- 
mans) that reversed dietary diabetes (4) 
and improved glycogen synthesis in 
diabetic mice (5). Most of the FGF family 
members function in a paracrine fashion 
to regulate processes of development, 
transformation, angiogenesis, and en- 
ergy homeostasis (6,7). FGF19- and 
FGF21 -transgenic mice were resistant 



to diet-induced obesity and had im- 
proved insulin sensitivity and glucose 
disposal (8,9). Injection of recombinant 
FGF 15 protein into diabetic mice resul- 
ted in the reduction of serum glucose and 
insulin levels, improved glucose toler- 
ance, and decreased hepatosteatosis and 
body weight (10,11). 

In humans, serum levels of FGF19 
were increased postprandially by cheno- 
deoxycholic acid (CDCA) and decreased 
by bile acid (BA) sequestrants (12). 
FGF 19 is produced primarily in the ileum 
and signals in hepatocytes through its two 
receptors, FGF receptor 4 (FGFR4) and 
(iKlotho, to inhibit expression of choles- 
terol 7alpha-hydroxylase 1 (CYP7A1) 
(13). In response to FGF19, CYP7A1 reg- 
ulates the rate-controlling step for the 
conversion of cholesterol into BAs (14). 
In turn, the farnesoid X receptor (FXR) 
responds to BAs and regulates intestinal 
FGF 19 secretion, which makes it an im- 
portant regulator of glucose metabolism 
(15). By a feedback mechanism, BAs also 
regulate hepatic CYP7A1 gene expression 
through a multicomponent pathway in- 
volving hepatic FXR (16). 

In this study, we tested the hypothesis 
that the enterohepatic FGF19-BA pathway 
plays a role in the etiology of diabetes and 
its remission following RYGB surgery. 

RESEARCH DESIGN AND 
METHODS 

Study participants 

Two cohorts were used in this study: I ) a 
Geisinger Clinic-enrolled cohort consist- 
ing of patients with diabetes (Diabetes; 
N = 66) and control patients without di- 
abetes (No-Diabetes or nondiabetic pa- 
tients; N = 54) with mean BMIs 
representing BMIs of typical diabetic and 
control patients (i.e., 30.0 and 30.3 kg/m 2 , 
respectively) and 2) a cohort from Gei- 
singer Clinic's bariatric surgery program 
consisting of diabetic (N = 115) and non- 
diabetic (N = 7 1 ) patients with BMIs typical 
for these groups (i.e., 48.3 and 48.5 kg/m 2 , 
respectively) (Table 1). The data described 
in Tables 1-3 were performed using 
subsets of these two major cohorts, 
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FGF19 and bile acids in RYGB diabetes remission 
Table 1 — Descriptive characteristics of study populations 



BMI 25-34.9 BMI 35-66 





No-Diabetes 


Diabetes 


No-Diabetes 


Diabetes 




(N = 54) 


(N = 66) 


(N-71) 


(N= 115) 


Age (years) 


70.7 (8.6) 


71.9 (8.6) 


46.2 (10.6) 


50.9 (11.5)** 


Female (%) 


54 


53 


96 


84* 


White (%) 


100 


100 


100 


98 


BMI (kg/m 2 ) 


30.3 (2.6) 


30.0 (2.5) 


48.5 (8.0) 


48.3 (7.6) 


Glucose (mg/dL) 


97.3 (9.9) 


132.9 (63.2)*** 


92.5 (8.6) 


135.9 (71.6)*** 


Insulin (\i\J/mV) 


NA 


NA 


15.9 (7.9) 


22.2 (16.3)*** 


HbA lc (%) 


5.7 (0.4)t 


6.7 (0.9)*** 


5.7 (0.4) 


7.4 (1.6)*** 



Data are mean (SD) unless otherwise indicated. Patients were divided into two BMI groups: a group repre- 
senting the national-average for diabetes (—30 kg/m ) and a group of patients undergoing RYGB surgery 
(~48 kg/m ). Nondiabetic and diabetic patients were further matched for BMI for pairwise comparisons 
using the Student t test. Percentages were compared using Fisher exact test. NA, not available in EMR (not 
a routine laboratory). *P< 0.05, **P< 0.01, ***P< 0.001. tOnlyhalf of patients had this measure available 
in EMR (HbA lc not routine for nondiabetic patients). 



constrained by tissue or serum sample 
availability for each patient. Specific charac- 
teristics of each subset are provided in the 
supplementary figure legend and Supple- 
mentary Tables 1-3. Studies were approved 
by the Geisinger Clinic Institutional Review 
Board for research. All participants provided 
written informed consent. 

Three groups of RYGB patients were 
used for this study: 1) a control group that 
did not have diabetes before or after sur- 
gery (No-Diabetes), 2) a group that had 
diabetes before surgery but experienced 
complete remission (17) for at least 12 
months after surgery (Diabetes-R), and 
3) a group that had diabetes before sur- 
gery but did not go in remission at any 
time after surgery (Diabetes-NoR). 

All presurgery serum samples were 
collected ~2 months before surgery. The 
post-RYGB surgery serum samples were 
collected at various time points (days post- 
surgery, interquartile range [IQR]), as fol- 
lows: No-Diabetes: median 157 days, IQR 
146-256, mean 192, SD 112, range 10- 
523; Diabetes-R: median 150 days, IQR 
145-309, mean 201, SD 124, range 1- 
497; and Diabetes-NoR: median 142 
days, IQR 55-182, mean 159, SD 118, 
range 3-410. All postoperative samples in 
the Diabetes-R group were taken while pa- 
tients were in a diabetes-free state and re- 
mained diabetes-free for a minimum of 12 
months after surgery to conform to diabe- 
tes remission criteria (section below). 

All of the blood draws were obtained in 
the fasted state (minimum of 12-h fast). For 
the determination of changes of serum 
FGF19 and BAs, pre- and postsurgery 
samples from the same patient were paired. 



Definition of type 2 diabetes and 
remission of type 2 diabetes 

The definition of type 2 diabetes was 
according to American Diabetes Association- 
recommended guidelines (18). Diabetes 
was defined by fasting glucose >126 
mg/dL or HbA lc >6.5% (or >48 mmoV 
mol). All other patients were classified as 
individuals without diabetes (i.e., No- 
Diabetes group). Diabetic patients were 
prescribed an insulin sensitizer, or insulin, 
or combinations before surgery. The sta- 
tus of nondiabetes was further ascertained 
by the absence of diabetes medication and 
diagnosis of diabetes, as documented in 
our electronic medical records (EMR). 

Remission of diabetes was defined 
according to the established definition of 
the cure of diabetes (17). Diabetic patients 
were considered to be in remission of di- 
abetes (Diabetes-R) if they were free of any 
use of antidiabetic medications (e.g., met- 
formin or insulin), their fasting blood glu- 
cose levels were <100 mg/dL, and HbA lc 
was <5.7% (or <39 mmol/mol) for a min- 
imum of 12 months after RYGB. Additional 
confirmation was obtained by examining 
their EMR for the ICD-9 diagnostic code 
for diabetes. The group without remission 
after RYGB surgery (Diabetes-NoR) had at 
least one indication of diabetes for the 
aforementioned measures. Specific charac- 
teristics of the No-Diabetes, Diabetes-R, and 
Diabetes-NoR groups of patients, before 
and after surgery, are provided in the Sup- 
plementary Table 3. 

FGF19 serum levels 

The FGF19 assay (pg/mL) was performed 
according to the manufacturer's instructions 



(R&D Systems, Minneapolis, MN) with 
sample, controls, and standards assayed in 
duplicate. This immunoassay used the 
quantitative sandwich enzyme technique, 
which is based on a monoclonal antibody 
specific to the human FGF19. The range of 
detection in serum is 31-554 pg/mL, with 
an SD of 125 pg/mL when using 36 serum 
samples. The coefficient of variation values 
of intra-assay and interassay precision are 
4.5 and 5.5%, respectively. 

Total and fractionated BAs 

Total and fractionated BAs (i.e., cholic acid, 
deoxycholic acid, and CDCA; (xmol/L), were 
measured by Quest Diagnostics (Horsham, 
PA) using liquid chromatography-tandem 
mass spectrometry. The normal reference 
ranges are as below, but values outside of 
these ranges can be measured: cholic acid: 
<3.1 (Jimol/L; deoxycholic acid: ^7.3 
umol/L; CDCA: <9.9 |jimol/L; and total 
BAs: 4.5-19.2 llhioI/L 

Fatty liver disease 

Fatty liver disease was determined by 
histological examination of liver biopsies 
obtained at RYGB. Intraoperative wedge 
biopsies of the liver were obtained 10 cm 
to the left of the falciform ligament. 
A portion of the biopsy was fixed in 
10% neutral buffered formalin and 
stained with hematoxylin and eosin for 
routine histology and Masson's trichrome 
for assessment of fibrosis. All sections 
were read by experienced pathologists as 
previously described (19) using the crite- 
ria for nonalcoholic steatohepatitis 
(NASH) (20) as follows: steatosis grade 
0 (no intracellular lipid), 1 (0 to <33%), 
2 (34 to <66%), and 3 (>67%); lobular 
inflammation grade 0 (no inflammation), 
grade 1 (mild inflammation), grade 2 
(moderate inflammation), and grade 3 
(severe inflammation); fibrosis grade 
0 (no perisinusoidal fibrosis), grade 1 
(mild perisinusoidal fibrosis), and grade 
2 (moderate perisinusoidal fibrosis), 
bridging fibrosis, and cirrhosis. Liver 
function tests were measured using Ro- 
che automated clinical chemistry tech- 
nology (Roche). All patients with 
serological, pathological, and/or clinical 
evidence of viral hepatitis were excluded. 

Hepatic gene expression using real- 
time quantitative PCR 

RNA preparations from liver biospeci- 
mens taken during RYGB surgery were 
performed using a commercial kit. Spe- 
cifically, samples were placed in RNA 
later, and RNA was prepared using the 
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RNeasy Lipid Tissue Mini Kit (Qiagen, 
Valencia, CA). RNA quality evaluation 
and quantitation were performed using a 
Nanodrop ND-1000 spectrophotometer 
(Thermo Scientific, Wilmington, DE). 
Quantitative PCR was performed in du- 
plicate on the ABI 7500 Fast Plate (Ap- 
plied Biosystems, Life Technologies, 
Grand Island, NY) as we have previously 
described (21). Analysis was conducted 
by subtracting the threshold cycle (Ct) 
value of glyceraldehyde-3-phosphate de- 
hydrogenase (GAPDH) from the Ct value 
of the gene of interest as previously shown 
(22,23). For example, the threshold of 
gene detection using this equation (40 
- A[Ct - Ct of GAPDH]) corresponds 
to a Ct value at ~35. Predesigned primers 
for FGF4R, CYP7A1, glycogen synthase 
(GS), FXR, fiKlotho, and GAPDH were 
obtained from Applied Biosystems 
(Hs01106908_ml, Hs00167982_ml, 
Hs00608677_ml, Hs00231968_ml , 
Hs00545621_ml, and Hs02758991_ml, 
respectively). 



Hepatic glycogen content 

Liver biospecimens taken at RYGB sur- 
gery were trimmed to —10 mg. Samples 
were homogenized on ice in 1 mL of cit- 
rate buffer (0. 1 mol, pH 4.2) with sodium 
fluoride (250 mg/dL). The EnzyChrom 
Glycogen (|xg/mL) Assay kit was used ac- 
cording to the manufacturer's instruc- 
tions (Bio Assay Systems, Hayward, CA). 



Statistical analyses 

Means (SD) and percentages were used to 
describe the demographics, body size, 
and diabetes/lipid laboratory levels of 
the study populations. These character- 
istics and quantitative PCR data were 
compared between groups using two- 
sample t tests (continuous data) and 
Fisher exact test (categorical data). The 
distributions of FGF19, BAs, and hepatic 
glycogen were compared between groups 
using nonparametric statistical tests (i.e., 
Wilcoxon rank-sum test) to account for 
the inherent heteroskedasticity of skewed 
distributions (as confirmed by Shapiro- 
Wilk test for skewness). When evaluating 
change in results from pre- to post-RYGB, 
the within-group differences were as- 
sessed using the Wilcoxon signed-rank 
test, and between-group differences 
were assessed using the Kruskall-Wallis 
test. SAS version 9.2 (SAS Institute Inc.) 
was used for statistical analysis, and P val- 
ues <0.05 were considered significant. 



RESULTS 

Diabetic patients had significantly 
lower FGF19 and higher BA serum 
levels than patients without diabetes 

Patients were stratified into two BMI 
groups: J) a nonsurgical group with a 
BMI range of 25-34.9 kg/m 2 , represent- 
ing the typical diabetic population, and 
2) a surgical j;roup with a BMI range of 
35-66 kg/m , representing the typical 
BMI range of patients undergoing RYGB. 
FGF19 levels were significantly lower in 
the diabetic patients with the lower BMI 
and trended in the same direction in the 
RYGB group (Table 2). After combining 
the patients from the two BMI ranges, se- 
rum FGF19 levels were significantly 
lower in diabetic compared with nondia- 
betic patients (Table 2). 

With respect to serum total BAs, di- 
abetic patients had higher levels than 
nondiabetic patients in both BMI groups 
but not at statistically different levels, 
likely due to the high degree of intra- 
individual variation, also reported else- 
where (24). However, after combining the 
two BMI ranges, diabetic patients had sta- 
tistically higher levels of serum BAs com- 
pared with nondiabetic patients (Table 2) . 

There were no differences in FGF19 
or BA levels between the two BMI groups 
in diabetic (P = 0.125) or nondiabetic 
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(P = 0.309) patients, suggesting a lack of 
effect by body weight on serum FGF19 
and BA levels. 

Low FGF19 levels in diabetes were 
correlated with higher hepatic 
CYP7A1 expression before surgery 
independently of fatty liver disease 

Using RNA preparations from liver bi- 
opsies taken at RYGB, we found no 
significant differences in gene expression 
levels between Diabetes and No-Diabetes 
for the two receptors of FGF19, fiKlotho 
and FGFR4, and also for FXR and GS 
(Supplementary Tables 1 and 2). Glyco- 
gen content in the liver was also not dif- 
ferent between groups. Serum FGF19 
levels were significantly lower in the Di- 
abetes group compared with No-Diabetes 
control patients (P = 0.018; Supplemen- 
tary Table 2). In addition, these lower 
FGF19 levels were correlated with higher 
hepatic CYP7A1 in diabetic but not in 
nondiabetic patients (r = —339; P < 
0.048). There were no significant associ- 
ations between FGF19 and BA, FGF19 or 
BA with the expression of the other he- 
patic genes, or with glycogen content 
(Supplementary Table 2). 

We also tested for the possible pres- 
ence of association between FGF19 and 
BAs with histologically defined fatty liver 
disease. Diabetic patients had higher 



Table 2 — Comparisons of FGF19 and total BA serum levels between patients without 
diabetes (No-Diabetes) or with diabetes (Diabetes), representing two BMI ranges 





BMI range (kg/m 2 ) 


No-Diabetes 


Diabetes 


FGF19 (pg/mL) 


Mean (SD) 




151.8 (131.0) 


125.8 (149.6) 


Median (IQR) 97.6 (66.5-205.9) 73.8 (46.8-134.0)* 


Sample size 
Mean (SD) 


35-66 


71 


115 


Median (IQR) 




92.4 (40.6-177.4) 


66.6 (42.1-112.7) 


Sample size 


All patients (25-66) 


■■■■■■ 


181 


Mean (SD) 




132.8 (112.9) 


109.1 (119.1) 


Median (IQR) 




94.6 (50.4-186.7) 


69.6 (44.2-118.8)* 


Total BAs (LLmoI/L) 










Mean (SD) 




4.3 (2.0) 


10.2 (24.7) 










Sample size 


35-66 


19 


20 










Median (IQR) 




3.0 (2.0-8.0) 


4.5 (4.0-7.5) 


Sample size 


All patients (25-66) 


73 


86 


Mean (SD) 




4.5 (2.4) 


9.1 (21.7) 


Median (IQR) 




4.0 (3.0-6.0) 


25.0 (3.0-7.0)* 



Samples sizes (N), means (SD), and medians (interquartile range) are shown for each BMI range separately 
and for the combined BMI ranges (all patients). Significance was set at *P < 0.05 comparing the medians. 
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Table 3 — Comparisons of the change from pre- to postoperative serum levels of FGF19, total 
BAs, and fractions of BAs between three groups: RYGB patients without diabetes (No-D), 
RYGB diabetic patients with remission of diabetes after surgery (D-R), and diabetic patients 
who did not have remission of diabetes after surgery (D-NoR) 





Diabetes status 
(sample size) 


Change from pre- to 
postsurgery 






Percent of patients 
with increase 


Mean (SD) 


Median (1QR) 




FGF19 (pg/mL) 


No-D (37) 


67.7 (155.8) 


44.5 (-14.6 to 117.8)** 














D-R (45) 


108.2 (162.9) 


101.5 (7.5-168.3)*** 






76 










D-NoR (30) 


83.7 (172.5) 


86.2 (2.1-200.8)** 






Total BAs (amol/L) 


No-D (37) 


0.3 (11.8) 


0.0(0.0-1.9) 




32 




D-R (36) 


3.0(5.3) 


0.75 (0.0-4.6)*** 




53 




D-NoR (21) 


1.9 (4.4) 


0.0(0.0-1.8)* 




43 


Cholic acid (n-moVL) 


No-D (37) 


0.1 (2.6) 


0.0 (0.0-0.0) 






11 










D-R (36) 


0.9 (2.4) 


0.75 (0.0-0.75)** 




25 




D-NoR (21) 


0.5 (1.4) 


0.0 (0.0-0.0) 




14 


Deoxycholic acid (umol/L) 


No-D (37) 


-0.2 (4.7) 


0.0 (0.0-0.0) 








D-R (36) 


0.6(1.5) 


0.0(0.0-0.65)** 




28 




D-NoR (21) 


0.3 (1.0) 


0.0 (0.0-0.0) 




CDCA ((jLtnoVL) 


No-D (37) 


0.4 (5.1) 


0.0(0.0-2.1)* 




35 




D-R (36) 


1.4 (2.8) 


0.35 (0.0-2.55)** 




50 




D-NoR (21) 


1.2(3.1) 


0.0(0.0-1.4) 







The percentage of patients with an increase is a measure of the patients in each group that showed an increase 
in FGF19 or BAs after surgery. There were no significant differences between groups (evaluated using the 
Kruskal-Wallis test). Within groups, however, there were significant differences (evaluated using the Wil- 
coxon signed-rank test). *P < 0.05, **P < 0.01, ***P < 0.001. 



incidence of nonalcoholic fatty liver dis- 
ease (NAFLD) (42%) and NASH (47%) 
compared with nondiabetic patients 
(29% for both NAFLD and NASH), but 
there were no significant correlations in 
either group with FGF19, BAs, and 
CYP7A1 (Supplementary Table 2). 

Serum FGF19 and BA levels 
increased after RYGB with larger 
increases in diabetic patients with 
remission of diabetes (Diabetes-R) 

FGF19 serum levels increased signifi- 
cantly after surgery for the majority of 
RYGB patients. Although the between- 
group differences were not significant, 
diabetic patients who went into remission 
(Diabetes-R) displayed the greatest in- 
crease compared with either nondia- 
betic patients or diabetic patients who did 
not go into remission (Diabetes-NoR) 
(Table 3). 

Total BAs, in contrast, did not in- 
crease significantly for most of the non- 
diabetic (32%) and Diabetes-NoR (43%) 
patients, but a slight majority (53%) of 
Diabetes-R patients displayed a signifi- 
cant increase (Table 3). Cholic and deoxy- 
cholic acids did not increase for the 
majority of patients, but the Diabetes-R 
group displayed the highest and most sig- 
nificant increase (Table 3). CDCA in- 
creased in a larger number of patients 
and particularly more so for 50% of the 
patients in the Diabetes-R group, who 
also displayed the highest rise (Table 3). 
The between-group differences were also 
statistically significant. 

In addition, despite the wide range of 
postoperative time points, there were no 
significant differences in FGF19 and BA 
between the samples collected in the first 
120 days after surgery (which coincides 
with a sharp weight loss), 121-240 days, 
or after 240 days (by which time weight 
loss begins to reach its nadir for most 
patients) in any of the three groups of 
patients (nondiabetic, Diabetes-R, Diabe- 
tes-NoR) or the three groups combined 
(Supplementary Fig. 1). 

CONCLUSIONS— In the current 
study, we tested the hypothesis that re- 
mission of diabetes in humans following 
RYGB surgery is associated with altera- 
tions of the FGF19-BA pathway. Preop- 
eratively, we found that body weight did 
not have a significant effect on FGF 1 9 and 
BA levels in nondiabetic or diabetic 
groups of patients. Overall, however, se- 
rum FGF19 levels were significantly 
lower in diabetic patients compared 



with patients without diabetes. In addi- 
tion, total BAs were higher in diabetic pa- 
tients compared with patients without 
diabetes, suggesting the possible presence 
of an impairment in the enterohepatic 
FGF19-BA pathway in the diabetic state. 
We did not find any significant correla- 
tions between FGF 19 and BA levels, 
which could be due to high variation in 
baseline FGF 19 (sevenfold) and BA (nine- 
fold), as already reported in normal indi- 
viduals after fasting (24). The nonsurgical 
cohort was significantly older than the 
surgical one, but the trend of both 
FGF 19 and BA was similar in both co- 
horts, suggesting that age may not be a 



significant factor for variation in these 
two measures. 

To examine potential mechanisms of 
impairment in the enterohepatic FGF 19- 
BA pathway, we used liver biopsies taken 
during RYGB surgery and compared he- 
patic signaling components of the 
FGF19-BA pathway between diabetic 
and nondiabetic patients. There was a sig- 
nificant correlation between lower FGF 19 
levels and higher CYP7A1 expression but 
only in the liver of diabetic patients who 
had elevated BA (as discussed above). In 
monkeys, antibody-mediated inhibition 
of FGF 19 was also associated with in- 
creased CYP7A1 expression and increased 
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BA (25), which is similar to the mechanistic 
relationships among FGF19, CYP7AI, and 
BA in our diabetic patients. Higher expres- 
sion of CYP7A1 in diabetes should increase 
BA production (26), and this seemed to be 
the case in the diabetic group of patients, 
but CYP7A1 should be inhibited back by 
BAs through a feedback mechanism involv- 
ing the hepatic FXR-small heterodimer 
partner-hepatocyte nuclear factor 4a path- 
way (16,27), keeping the FGF19-CYP7A1- 
BA pathway in balance. However, this was 
not the case in the diabetic patients, suggest- 
ing lack of response to BA in the liver as one 
possibility. In addition, the expression lev- 
els of hepatic FXR, fiKlotho, and FGFR4 
were not affected in diabetic compared 
with nondiabetic patients, despite their al- 
tered FGF19 and BA levels, suggesting the 
presence of dysregulation in the response to 
BA in diabetes, as well as the presence of a 
form of impairment in hepatic response to 
FGF 1 9 , which has been reported in patients 
with NAFLD and insulin resistance (28). 

Defective BA transport and signaling 
may also play a direct role in the de- 
velopment of NAFLD (27). In our co- 
horts, diabetic patients had a higher 
incidence of NAFLD and NASH compared 
with nondiabetic patients, but there were 
no significant correlations between 
NAFLD or NASH and FGF 19, BAs, and 
CYP7A1 . In addition, hepatic GS gene ex- 
pression and glycogen content were not 
different between nondiabetic and dia- 
betic patients, which was unexpected be- 
cause BA can alter glycogen synthesis 
(27,29). This, again, could be due to the 
dysregulated FGF19-CYP7AI-BA path- 
way in diabetic patients. 

Following RYGB surgery, FGF 19 and 
BA have been reported to increase after 
RYGB surgery (30,31). In this study, we 
show for the first time that the largest in- 
creases in FGF 19 and BA serum levels 
took place in the diabetic patients who 
went into remission (Diabetes-R) com- 
pared with the nondiabetic and Diabe- 
tes-NoR patients, although there were 
no significant differences between 
groups. The Diabetes-R group was also 
unique in that cholic and deoxycholic 
acids increased exclusively in these pa- 
tients. Cholic acid has been inversely cor- 
related with insulin resistance (32), 
suggesting that it could play a key role 
in the remission of diabetes after RYGB. 
Weight loss after RYGB does not correlate 
with improved glucose homeostasis in 
low BMI diabetic patients (33). Similarly, 
we found no correlations between FGF 19 
and BA with body weight preoperatively, 



as well as with postoperative weight loss 
in any group, despite the fact that our se- 
rum samples were collected at various 
time points that correspond to different 
rates of weight loss after surgery (34). It 
is possible, however, that the variability in 
the time of serum sample collection may 
affect the precision of the measurements 
due to body weight changes between time 
points. Although we did not see this in 
our cohort, it could still contribute to var- 
iation and affect outcomes when compar- 
ing different groups of patients. It should 
also be noted that our cohort consisted 
mostly (—98%) of white Caucasian pa- 
tients, which is representative of the 
catchment area of our clinic. Hence, cir- 
culating FGF19/BA and gene expression 
levels may differ in other ethnic groups, 
which could affect the outcomes of each 
study. Future controlled prospective lon- 
gitudinal studies with standardized times 
of sample collections in a variety of ethnic 
backgrounds will be needed to delineate 
the potential dynamics of FGF 19 and BA 
levels before and after RYGB surgery. 

Our experience, and that of others 
(35), is that most diabetic patients 
(—75%) go into remission within days 
or 24 h after RYGB surgery. Normally, 
BAs from the gallbladder are secreted 
into the duodenum, where they mix 
with food from the stomach and get reab- 
sorbed in the ileum (16). After RYGB sur- 
gery, however, BAs continue to be 
secreted into the empty duodenum that 
has been anastomosed directly onto the 
distal small intestine, bypassing —90% 
of the stomach, the duodenum, and 
— 150 cm of the jejunum (in our clinic) 
and flowing closer to the ileum, where 
FGF 19 is produced. These digestate-free 
BAs may be more bioactive and can alter 
hepatic glucose oxidation (36) and stim- 
ulate enteric FGF19 production (12,37), 
which was shown in this study to be lower 
in diabetic patients, irrespective of BMI. 
We hypothesize that these digestate-free 
BAs may be responsible for the increase of 
enteric FGF 19 production after RYGB 
surgery, which in turn may resensitize 
the liver to FGF 19 and equilibrate glucose 
homeostasis (38). A properly controlled 
study that can introduce free BAs into 
the jejunum, and thus emulate the avail- 
ability of digestate-free BA after RYGB sur- 
gery, will be needed to substantiate this 
hypothesis. The Diabetes-NoR patients 
also displayed increases in FGF 19 but 
did not seem to benefit in terms of remis- 
sion. This may be due to the severity of 
their diabetes as evidenced by their high 



glucose and HbA lc levels and the fact that 
the majority of them were prescribed in- 
sulin in addition to an insulin sensitizer. 
Requirement of insulin has been shown to 
reduce significantly the chances for dia- 
betes remission after RYGB (39). 

In summary, our data indicate that 
the FGF19-CYP7AJ-BA pathway could 
play a significant role in the remission of 
diabetes after RYGB surgery. We show in 
this study for the first time that at base- 
line, FGF19 levels were lower in diabetic 
patients compared with nondiabetic con- 
trol subjects, irrespective of BMI. We also 
show that following RYGB surgery, 
FGF 19 and BA levels increased particu- 
larly more so in patients who went into 
remission of diabetes. Stimulation of en- 
teric FGF 19 production by digestate-free 
BAs may pharmacologically mimic RYGB 
and help elucidate further the role of this 
pathway in glucose metabolism and the 
remission of type 2 diabetes. 
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